Abstract Underwater ice geometry at the front of calving glaciers provides crucial information for calving and underwater melting. In this study, we present ice geometry captured by operating a side-scanning sonar near the front of Glaciar Grey, a freshwater calving glacier in Patagonia. The observations revealed ice projecting into the lake with a substantially different structure from that of known tidewater glaciers. Terrace-like ice structures were found at several tens of meters below the water surface and extended up to 100 m from the aerial ice front. The structure depicted by the sonar was confirmed when the ice front was exposed by flotation during a major calving event. We infer that buoyant force acting on the submerged ice terrace acted as a driver of the calving event. Our study demonstrates the importance of the underwater ice geometry, which affects sizable calving at the front of freshwater calving glaciers.
Introduction
Calving glaciers change more rapidly than land-terminating glaciers (e.g., Post et al., 2011) and thus play a central role in global sea level rise (e.g., Burgess et al., 2013; Dussaillant et al., 2018; Howat & Eddy, 2011; Malz et al., 2018; Nuth et al., 2013) . Among the calving glaciers, those terminating in freshwater have drawn less attention as compared to tidewater glaciers. Accordingly, little is known about processes at the boundary of the glacier front and freshwater, and the ways in which they differ from a tidewater setting are poorly understood. Freshwater calving glaciers are commonly observed in Patagonia, Alaska, and New Zealand. For instance, more than half of outlet glaciers in the Patagonia Icefield flow into lakes (Aniya, 1988; Aniya et al., 1996; Rignot et al., 2003) . Most of these freshwater calving glaciers are receding over the last several decades (e.g., Sakakibara & Sugiyama, 2014; White & Copland, 2015) . Some of the glaciers are rapidly retreating and thinning, affecting recent mass loss in Patagonia (e.g., Dussaillant et al., 2018; Malz et al., 2018) . Studies in Alaska have shown that some of the freshwater calving glaciers are retreating more rapidly than tidewater glaciers in the region (Larsen et al., 2015) . Moreover, occurrence of freshwater calving is increasing in other regions because proglacial lakes are forming after glacier retreat (Carrivick & Tweed, 2013) . The study of frontal ablation, that is, calving and underwater melting at the ice-freshwater interface, presents a great challenge for achieving a better understanding of rapidly changing freshwater calving glaciers (Sugiyama et al., 2016) .
Underwater ice geometry is the key to understanding the processes occurring at the calving front, since the shape of the ice cliff plays a critical role in the frequency and type of calving (e.g., van der Veen, 2002) . It also affects water circulation and subaqueous melting (e.g., Truffer & Motyka, 2016) . Nevertheless, only a small amount of observational data is available from a limited number of glaciers because a submerged glacier front is difficult and dangerous to survey. Only recently was a multibeam sonar system operated near the ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
calving front of tidewater glaciers in Greenland (Fried et al., 2015; Rignot et al., 2015) . The measurements showed that the ice front is undercut below the water surface under the influence of rapid subaqueous melting driven by upwelling subglacial meltwater discharge (Motyka et al., 2003 (Motyka et al., , 2013 . The observed underwater ice geometry affects calving because the ice overhanging above the undercut is unstable. Observations at freshwater calving glaciers in New Zealand showed significantly different underwater ice geometry. Formation of a subaqueous "ice ramp," that is, an ice front sloping into a water body and extending for several hundred meters to the lake bottom, was reported based on water depth and subbottom profiler surveys (Purdie et al., 2016; Robertson et al., 2012; Warren & Kirkbride, 1998) . A similar feature named "ice foot" was reported in Alaska, where a~20-m-thick and~50-m-long debris-rich basal ice, projecting into water from the base of a temperate tidewater glacier, was found using a remotely operated vehicle (Hunter & Powell, 1998) . They speculated that the ice foot formation was due to its resistance to fracture and/or its stability due to freezing on the sea floor, but it is not clear whether this commonly occurs at other glaciers.
To investigate underwater ice geometry at the front of a freshwater calving glacier, we operated a sidescanning sonar near the front of Glaciar Grey in the Southern Patagonia Icefield. Our data demonstrated that the ice front was projecting into lakewater, forming an up to 100-m-long ice terrace. Based on hydrographic data and observations of a calving event, we discuss the formation mechanism of the ice terrace and its importance in freshwater calving.
Study Site
Glaciar Grey (50.9°S, 73.3°W) is situated in the Southern Patagonia Icefield, covering an area of 243 km 2 (De Angelis, 2014; Figure 1a ). The glacier flows into a lake named Lago Grey (38.6 km 2 in 2019) through three distinctive termini at present. The focus of this study is the eastern terminus, which is in contact with the eastern arm of the lake along the 850-m-wide calving front (Figures 1b, 1c, and 2a) . Ice flow speed is 200-300 m/year at about 1 km from the front (Sakakibara & Sugiyama, 2014; Schwalbe et al., 2017) . The eastern terminus has retreated by~2 km since the 1980s, a retreating trend similar to that of the other two termini and other glaciers in Patagonia (Rivera & Casassa, 2004; Sakakibara & Sugiyama, 2014; Yamamoto, 2018) . Based on our water depth sounding, the maximum depth near the glacier is approximately 300 m (Figure 1b ).
Methods

Side-Scanning Sonar
We operated a portable side-scanning sonar (0.83 m long and 5.4 kg excluding ballast) (Imagenex Technology Corp. Model 872; Figure S1a ) near the front of Glaciar Grey on 31 January 2016 and 11 March 2017. The device was developed for surveying materials and environments at the bottom of water (e.g., Blondel, 2009) . The sonar emits a sonic wave beam sideways from a transducer mounted on the tail. In the setting used in this study, wave frequency was 260 Hz, pulse repetition interval was 290 ms (3.4 Hz), the beam center was inclined by 20°from the horizontal, and the beam widths were 2.2°and 75°i n the horizontal and vertical planes, respectively ( Figure S1b ).
We used a motorboat to tow the sonar with its 5-m-long signal cable. The boat was operated at a speed of 1-2 m/s along the glacier front at a distance usually less than 100 m. Two-way travel time of return signals was converted to the distance to the underwater objects with software provided by the manufacturer, so that a two-dimensional underwater structure was projected on a horizontal plain image ( Figure S1b ). We used a sound velocity of 1,424 m/s for the conversion, based on the lakewater temperature measured at T1 (Figure 1b ; 4.4°C as a mean in the upper 50 m; Belogol'skii et al., 1999) . The maximum range of the sonar echo sounding was 200 m with a resolution of 0.2 m. Acquired data were postprocessed with horizontal coordinates obtained by GPS (Global Positioning System) synchronized with the sonar survey. Software (Chesapeake Technology, SonarWiz) was used to map the sonar signals on to a real space, based on the position and azimuth of the boat given by the GPS. Accuracy of the single-positioning GPS is within several meters in general.
Water Temperature and Turbidity
Lakewater temperature and turbidity were measured on 9 March 2017 within 250-1,750 m from the glacier front ( Figure 1b ). We used a temperature, turbidity, and depth profiler (JFE Advantec, ASTD101) to obtain the water properties from the surface to the bottom. The profiler was lowered from the boat to record data every 1 s, which was equivalent to a resolution of 0.2-1 m in depth. The accuracy of the depth, temperature, and turbidity measurements were ±1.8 m, ±0.01°C, and ±0.3 FTU (formazin turbidity unit) or 2% of measured turbidity, respectively.
Lakewater Depth
Water depth of Lago Grey was measured in March 2017 over several kilometers from the eastern terminus ( Figure 1b) . We used an ultrasonic echo sounder (Lowrance HDS-7) operated with an 80-to 130-kHz frequency-modulated transducer (Airmar B75M) mounted on the boat. Depth was recorded by the sounder every 1 s, together with horizontal coordinates obtained from a built-in single-positioning GPS. The accuracy of the depth sounding with a similar device was reported as~5 m or~5% of the depth based on measurements in Patagonian lakes (Sugiyama et al., 2016) . In addition to the sonar sounding, water depth near the glacier front was measured by lowering the depth profiler to the floor. This measurement was carried out during the side-scan sonar survey on 31 January 2016 at five locations within 200 m of the calving front (Figure 1c) .
Satellite Data
Glacier front positions were retrieved analyzing images acquired by the Landsat 8 Operational Land Imager on 2 February 2016, 29 September 2016, 25 November 2016, and 4 February 2017. Calving front of the eastern terminus was manually delineated, using geographic information software QGIS. The accuracy of the front mapping was equivalent to the image resolution (15 m). The glacier surface elevation near the front was obtained from a DEM (digital elevation model) generated by processing a stereo pair image of ASTER (Advance Spaceborne Thermal Emission and Reflection Radiometer) acquired on 23 October 2016. The resolution of the DEM was 30 m.
Results
Side-Scanning Sonar Image
An intriguing feature captured by the side-scanning sonar was glacier ice below the water surface projecting into the lake. As an example given in Figure S1c , the first echo from the right side of the sonar is a 
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Geophysical Research Letters reflection from the nearest ice surface in the water. The reflection signal extends further from the sonar until the echo weakens at several tens of meters from the first signal. This boundary to the low-reflection zone (dashed line in Figure S1c ) is interpreted as being the intersection of the calving front and the water surface. The region between the first signal and the low-reflection zone corresponds to a submerged ice surface. The return signal from this surface is weak, which indicates a relatively large beam incident angle, that is, the underwater ice forms a nearhorizontal flat terrace.
Similar ice geometry was observed all along the calving front (Figure 2b ). Near the glacier center, the distance from a high/low-reflection boundary (between A and B in Figure 2b ) to the outer edge of the ice terrace was approximately 100 m. A similar feature extended along the glacier front toward the northeastern margin (C in Figure 2b ), where ice above water was thicker than in the other regions (C in Figure 2a and Figure S2a in the supporting information). The sonar image from the southwestern part showed a number of high-contrast reflectors (D in Figure 2b ), suggesting a fractured structure with cracks, trenches, and protrusions. Ice above water was relatively thin in this region (D in Figure 2a) , and the calving front was characterized by ice blocks separated by crevasses ( Figure  S2b ) and melt tunnels ( Figure S2c ). On the other side of the boat track, the sonar image captured an underwater rock wall sloping down from the valley side (E in Figure 2b ).
After mapping the sonar image on a real space, the ice front at the water surface and the outer margins of the underwater ice terrace were delineated. The ice front at the water surface approximately matches the glacier front position determined from the satellite image acquired 2 days after the sonar observation (Figure 2c ). The subaerial calving front was fringed by underwater ice terraces, and the lengths of the ice reached 100 m at several places. The area of the terrace was 4.9 × 10 4 m 2 when it was projected on to a horizontal plane (area between the cyan and red lines in Figure 2c ). The 30-m mean length of the underwater terrace was obtained by dividing the area by the length along the calving front, or 57 m when the area was divided by the glacier width.
The presence of ice projecting under the water was confirmed by water depths measured near the glacier (Table S1 ). When it was lowered into the lake, the water profiler hit an ice floor at depths of 25 and 69 m at 50-100 m from the ice cliff (D4 and D5 in Figure 1c ). Depth was 270-301 m at~30-100 m further offshore (D1-D3 in Figure 1c) , which is well in line with the lake depth measurement by the sonar sounding. Further evidence of ice terrace formation was the presence of ice blocks stranding near the calving front ( Figure S2d ). These ice blocks broke off from the calving front and stayed at the same locations, implying grounding on an underwater ice terrace.
Calving Event on 31 October 2016
After the side-scanning sonar observation in January 2016, the southwestern section of the ice front retreated, leaving the glacier center protruding into the lake (yellow line in Figures 1c and 3a) . was witnessed and photographed by outdoor activity guides from a local tourist company. The photographs provided us with a unique opportunity to observe directly the underwater ice geometry (Figure 3 ). At 20:40 UTC (17:40 local time) on 31 October, ice broke off at several hundred meters upglacier of the ice front, so that the frontal part of the glacier rotated as a large ice block. The glacier front began moving upward, and underwater ice was lifted and exposed above the water surface (Figure 3b) . The photographs show that the ice below the waterline extended from the subaerial ice front by a distance several times longer than the height of the subaerial ice cliff. The ice cliff was 10-20 m high above the lake surface as estimated from the photographs. A circular channel incised on ice was observed deeper in the water (Figures 3c and 3d ).
About 4 months after the calving event, we repeated the side-scanning sonar survey on 11 March 2017. The sonar image obtained showed an underwater ice geometry similar the one observed on 31 January 2016, which confirmed the re-formation of an ice terrace within the 131-day period ( Figure 2d ). The area of the underwater ice terrace was 3.9 × 10 4 m 2 , which was 20% smaller than the first survey. Mean length of the terrace along the frontal margin was 26 m, while that across the glacier width was 46 m.
Water Property
Our measurements indicated thermal stratification of the lakewater, characterized by a relatively warm near-surface layer situated in the upper 30 m (Figure 4 ). Temperature decreases from the surface to the deeper regions and drops below 4°C at a depth of~30 m (Figures 4a-4c) . Temperature was fairly uniform in the region deeper than 50 m, except for the deepest part at T1. Temperature dropped and turbidity increased below 180 m at T1, showing the accumulation of cold (2.7°C) and turbid (~100 FTU) water near the lake bottom (Figures 4a and 4d ).
Discussion
Underwater Ice Geometry
The side-scanning sonar image indicated that the ice geometry at the front of Grey is substantially different from that reported at tidewater glaciers in Greenland (Fried et al., 2015; Rignot et al., 2015) . In contrast to the studies in Greenland, our data showed an up to 100-m-long ice terrace projecting into water (Figure 4d ). The vertical dimension of the ice terrace is difficult to measure based on the sonar image. Nevertheless, the water depth near the ice front was 69 and 25 m (Figure 1c and Table S1 ), indicating that the upper surface of the ice terrace extended several tens of meters below the water surface. The deeper part of the glacier front was beyond the reach of our sonar sounding, but water sharply deepened to~300 m within only 30-100 m of the ice terrace ( Figure 1c and Table S1 ). Thus, we speculate the ice terrace had a nearly vertical wall in the deeper regions (Figure 4d ). The ice geometry exposed by the calving event on 31 October 2016 was consistent with that observed by the side-scan sonar. The photographs taken during the event indicated that the thickness of the ice projecting into water was greater than 50 m (Figures 3b-3d ).
Ice front geometry of Glaciar Grey differed in several aspects from ice ramps observed at freshwater calving glaciers in New Zealand. The ice ramps were sloping from the glacier to the lake bed (Dykes et al., 2011; Purdie et al., 2016) , whereas at Glaciar Grey the edge of the subaqueous ice terrace dropped sharply toward the lake bottom as confirmed by the depth profiler data. Ice flowed slowly near the front of the glaciers in New Zealand (<30 m/year [Röhl, 2006; Warren & Kirkbride, 2005] ) and the front position above water retreated rapidly (from several 10 to >100 m/year [Robertson et al., 2012] ). Moreover, subaqueous ice was covered by a thick (5-10 m) debris layer, which insulates the ice from heat for melting ( Robertson et al., 2012) . Thus, ice ramps were considered to consist of stagnant ice remaining after glacier retreat, which had substantially different nature from those observed at the faster flowing Glaciar Grey.
There are very few observations of subaqueous ice geometry available from freshwater calving glaciers in other regions. During the study of large tabular iceberg production at freshwater calving Glaciar Nef in the Northern Patagonia Icefield, Warren et al. (2001) observed subaqueous ice projecting 25 m from icebergs at the depth of 0.2-1.0 m from the water surface. This observation suggests projection of underwater ice at further freshwater calving glaciers in Patagonia and other regions.
Formation of Underwater Ice Terrace
The stratification of warm water in the upper layer implies enhanced melting near the water surface (Figure 4) . Melting below the water surface causes projection of ice above the water. The overhanging ice front which results is unstable and thus facilitates subaerial calving (e.g., Benn et al., 2007) . This is a likely mechanism, which maintains the subaerial calving rate of Glaciar Grey, equivalent to the relatively fast speed of ice flow. Lakewater temperature decreased from the surface to the bottom, suggesting a smaller melt rate in the deeper region. The cold and turbid water observed near the lake bottom indicates that cold subglacial discharge stays near the bottom because of higher water density due to sediment load (Figure 4 ; Sugiyama et al., 2016) . In contrast to the front of a tidewater glacier, where upwelling meltwater drives water circulation and draws ocean heat available for subaqueous melting, heat exchange is inactive at the ice-water boundary in a proglacial lake. Thus, we assume that an ice terrace develops because the frontal ablation rate in the deeper region is substantially smaller than the rates in the upper layer and above the water surface.
After the calving event on 31 October 2016, an ice terrace developed to a mean length of 26 m by the time of the second survey on 11 March 2017. The position of the subaerial ice front changed little from November 2016 to February 2017 (Figure 1c) , implying that the ice above the water was lost mostly by calving at a rate equivalent to the ice speed (~200-300 m/year), while the ice terrace grew at a rate of >50 m/year. This observation implies a frontal ablation rate of~150-250 m/year, which is greater than previous estimates for other freshwater calving glaciers in Patagonia (Sugiyama et al., 2016) .
Implication for Calving
Ice extending into water is buoyant and the buoyant force generates a torque and tensile stress in the ice (Warren et al., 2001 ). The stress causes fracture at the glacier base, resulting in formation and upward propagation of basal crevasses (van der Veen, 1998). Presumably, the calving event on 31 October 2016 was triggered by subglacial and englacial fractures generated by such a process. According to the ASTER-VA DEM on 26 October 2016, the lower 1 km of the glacier tongue sloped gently at~1.5°. The glacier surface within~300 m from the calving front was fairly flat and the elevation was approximately 20 m above the lake surface. After the thinning of the glacier, reduction in the overburden load together with the buoyant force acting on the submerged ice terrace facilitated the detachment of a several hundred meters long piece of ice from the glacier. We propose that an underwater ice terrace plays a key role in the frontal ablation of a freshwater calving glacier, by triggering a large-scale calving event, which involves a large volume of underwater ice. Our observations also indicated the importance of subaqueous melting for the frontal ablation. Enhanced melting near the lake surface facilitates large calving by leaving buoyant ice in the water, whereas tidewater calving is enhanced by melt-induced undercutting ice front geometry. 
Conclusions
Side-scanning sonar survey revealed the shape of the underwater ice at the front of Glaciar Grey, a freshwater calving glacier in Patagonia. Ice extended into water, forming a terrace-like structure at depths of several tens of meters with an extension of up to 100 m from the visible ice front. The observed geometry is substantially different from that of the undercutting ice front recently reported from tidewater glaciers in Greenland. We attribute the differences to the lack of upwelling subglacial discharge and thermal stratification in the proglacial lake. Lakewater temperature was characterized by a near-surface warm layer, which promotes subaqueous melting and facilitates ice terrace formation. The observation of a large calving event confirmed the ice structure as captured by the side-scanning sonar image. The event also demonstrated that buoyant force acting on the submerged ice affects the occurrence of such large-scale calving. Our observations strongly suggest that an underwater ice terrace affects the stability of the terminus. If a glacial lake is also a field of human activity, care should be taken regarding the underwater ice geometry to prevent accident due to sudden emergence of underwater ice by subaqueous calving.
